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Individual olfactory sensory neurons are thought to express only one odorant receptor gene from a repertoire of hundreds
to thousands of genes. How do these sensory neurons choose just one specific odorant receptor to express during their
differentiation? As an initial attempt toward understanding the process of odorant receptor gene regulation, we studied
when odorant receptor expression is activated during sensory neuron regeneration. We find that receptor gene expression is
activated in postmitotic neurons and can occur in the absence of the olfactory bulb. These results suggest that receptor
expression is restricted to the terminal stages of olfactory neuron differentiation, and sensory neurons do not simply inherit
the odorant receptor that is already expressed in mitotic precursor cells. Our results also support a model in which odorant
receptor gene expression occurs independent of the olfactory bulb. © 2001 Academic PressINTRODUCTION
Olfactory perception begins with activation of specific
odorant receptors by odorant ligands (reviewed by Buck,
1996; Shepherd, 1994). These receptors—belonging to the
superfamily of G-protein-coupled receptors—are encoded
by a large multigene family comprising ;100 genes in fish
to ;1000 genes in mammals (reviewed by Buck, 1996). As a
general rule, each olfactory neuron appears to express only
one receptor gene (Barth et al., 1997; Malnic et al., 1999;
Ngai et al., 1993a; Ressler et al., 1993; however, see Rawson
et al., 2000). Thus, the brain may identify the activation of
specific receptors by their cognate odorant ligands by dis-
cerning activity from specific subsets of olfactory neurons.
In turn, cells expressing the same odorant receptor, while
dispersed in the olfactory epithelium (Ngai et al., 1993a;
Ressler et al., 1993; Strotmann et al., 1992; Vassar et al.,
1993), project to spatially invariant glomeruli in the olfac-
tory bulb (Mombaerts et al., 1996; Ressler et al., 1994;
Vassar et al., 1994). This pattern of innervation in the
olfactory bulb is thought to provide the anatomical basis for
a sensory map encoding olfactory information.
The finding that each neuron expresses a distinct receptor
gene implies that each time a sensory neuron is born, it
must specify its functional identity by selecting an odorant
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All rights of reproduction in any form reserved.receptor gene to express. Interestingly, olfactory neurons
are born not only during initial embryogenesis, but also
throughout the entire life span of the vertebrate animal.
These cells undergo continuous degeneration and regenera-
tion during development and during adult life (Graziadei
and Monti-Graziadei, 1978). In the adult stage, degeneration
of sensory neurons stimulates mitotic division of the basal
precursor cells—the globose basal cells—located near the
basal lamina in the olfactory epithelium. Globose basal
cells undergo two rounds of division to generate olfactory
neurons (Calof and Chikaraishi, 1989; Calof et al., 1998),
which ultimately project axons to synapse with the mitral
and tufted cells in the olfactory bulb (Graziadei and Monti-
Graziadei, 1978, 1979). Given that olfactory sensory neu-
rons undergo continuous regeneration throughout life,
some mechanism must exist to ensure that newly regener-
ated neurons functionally replace the degenerated neurons.
Thus, as with the initial development of the olfactory
system, each regenerating neuron faces the same challenge
of how to correctly choose 1 of 100–1000 odorant receptor
genes to express.
A number of models can be invoked to explain the
specification of olfactory neuron cell fate. For example, the
selection of which odorant receptor to express may be
affected by environmental factors, either locally within the
olfactory epithelium (e.g., see Baier et al., 1994) or from the
target tissue, the olfactory bulb (e.g., see Ngai et al., 1993a;
Sullivan et al., 1995). On the other hand, odorant receptor
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120 Fan and Ngaigene choice may represent a cell-autonomous event, inde-
pendent of local or target-derived cues. In either case,
receptor choice could be made early in the differentiation
process (e.g., in the mitotic precursor cell stage) or only
postmitotically during terminal differentiation. In addition,
committed stem cell lineages may exist (e.g., Caggiano et
al., 1994; Schwob et al., 1994), such that neurons arising
from an individual precursor cell all express the same
odorant receptor gene. Alternatively, olfactory neuron pre-
cursors may be uncommitted with regard to odorant recep-
tor expression, such that descendents from a given precur-
sor can express different receptor genes.
As an initial step toward elucidating the mechanisms
governing olfactory neuron specification, we determined
the stage at which receptor gene expression is activated
during these cells’ differentiation pathway. Specifically, we
asked whether receptors are expressed early in the cellular
developmental pathway in mitotic precursors or only later
in postmitotic cells. To assess whether the olfactory neu-
rons’ postsynaptic partners might influence the onset of
odorant receptor expression, we also asked whether recep-
tors are expressed in the absence of the olfactory bulb.
These questions were addressed using the catfish as a
model, owing to the relative simplicity of the catfish
olfactory system compared to those of mammals (Hara,
1994; Ngai et al., 1993a,b), as well as the ease of performing
surgical manipulations in this organism. By using a small
number of odorant receptor sequences as probes, we can
label 10–20% of the total olfactory sensory neuron popula-
tion by in situ hybridizations (Ngai et al., 1993a,b). Thus, it
is possible to assess a significant fraction of the sensory
neuron population in a reasonably straightforward manner.
Double-labeling with bromodeoxyuridine (BrdU) to identify
mitotically active cells and in situ hybridization to localize
odorant receptor mRNAs revealed that receptor gene ex-
pression is activated in postmitotic cells. We also found
that olfactory bulbectomy—resulting in the degeneration of
mature olfactory neurons—results in a decline, followed by
a recovery in the number of cells in the olfactory epithe-
lium expressing odorant receptor mRNA. Thus, the olfac-
tory bulb is not required for the expression of odorant
receptors in regenerating olfactory sensory neurons.
METHODS
Unilateral Bulbectomy
Juvenile catfish (4 in. in length; Osage Catfisheries, Osage Beach,
MO) were anesthetized in 0.05% 3-aminobenzoic acid ethyl ester
dissolved in tank water, wrapped in wet towels, and kept on ice. An
incision on the skin immediately medial and posterior to the
position of the right olfactory rosette was made with a scalpel. The
flap of skin was separated from the underlying bone and flipped
over to reveal the underlying bone. A hole of 1.5–2 mm in diameter
was drilled on the dorsal skull to expose the bulb. The olfactory
bulb was removed by first severing the olfactory nerve and olfac-
tory tract and then lifted out with a pair of forceps. The cavity was
filled with gelfoam (Upjohn, Kalamazoo, MI) and the skin was L
Copyright © 2001 by Academic Press. All rightflipped back and glued to the surrounding skin with cyanoacrylate
glue (Vetbond; 3M Animal Care Product, St. Paul, MN). The fish
was resuscitated by gently squirting fresh tank water through its
mouth and over its gills and released into tank water maintained at
24°C. To control for the nonspecific effect caused by the opera-
tional procedures, fish were treated as above except the bulb was
left intact. The morphologies of sensory epithelium and expression
pattern of the olfactory cyclic nucleotide-gated channel and odor-
ant receptors on these sham-operated fish were indistinguishable
from those of unoperated fish.
Double Labeling with BrdU and RNA in Situ
Hybridization with Digoxigenin-Labeled Probes
Fish were injected intramuscularly with 125 ml of 40 mM BrdU
in phosphate-buffered saline (PBS) into dorsal body-wall muscle.
Fish were euthanized 2 h later, and olfactory rosettes were isolated,
embedded in tissue freezing medium, frozen on dry ice, and
sectioned to 6 mm thickness onto glass slides. We expect that
lfactory precursors which took up BrdU during S phase should not
ave proceeded past M phase with this 2-h labeling protocol, since
ost cells typically exhibit rather invariant lengths of S phase (6–8
) and G21M phase (3–7 h), which together encompass 9–15 h
Pardee et al., 1978). This is consistent with observations made for
he cell cycle of rat olfactory basal cells, in which S phase was
ound to last 9 h, with a total cell cycle time of 17 h (Huard and
chwob, 1995). Thus, cells found to be BrdU-positive in our
xperiments should represent mitotic precursor cells, but not
ostmitotic cells.
To detect expression of specific mRNAs in the olfactory epithe-
ium, slides containing tissue sections were first processed for in
itu hybridizations using digoxigenin (DIG)-labeled probes, essen-
ially as described (Barth et al., 1997; Ngai et al., 1993a,b; Schaeren-
iemers and Gerfin-Moser, 1993). Briefly, DIG-labeled antisense
NA probes were synthesized from linearized templates from
dorant receptors 1, 3, 8, 32, 47, and 202 (Ngai et al., 1993a,b) and
hybridized at 65°C overnight to slides as a mixture at final
concentrations of 0.8 mg/ml for each probe. After the final high-
stringency wash (0.23 SSC at 65°C), slides were equilibrated in
Tris-buffered saline (TBS), blocked with 10% heat-inactivated
normal goat serum (HINGS), and incubated with alkaline
phosphatase-conjugated anti-DIG F(ab) overnight at 4°C. The slides
were then washed in TBS and equilibrated in alkaline phosphatase
buffer [100 mM Tris–HCl (pH 9.5), 100 mM NaCl, and 50 mM
MgCl2]. The colorimetric reaction product was developed at room
emperature for 2–3 days with 175 mg/ml 5-bromo-4-chloro-3-
indoyl phosphate, 337 mg/ml nitroblue tetrazolium (BCIP/NBT),
and 1 mM levamisole in alkaline phosphatase buffer. Following
development, slides were washed in PBS, incubated in 2 N HCl for
75 min at room temperature, washed in PBS, and incubated with
anti-BrdU mouse IgG (6 mg/ml in PBS containing 0.1% Tween 20
nd 10% HINGS) overnight at 4°C. Slides were then washed in
BS, incubated with fluorescein isothiocyanate (FITC)-conjugated
oat anti-mouse F(ab) for 2 h at room temperature, washed in PBS,
nd mounted in anti-fade mounting medium (5% n-propyl gallate,
.25% DABCO, 0.0025% PPDA, 20% Gevotole in PBS).
For quantitation, in a given section we counted the number of
rdU-positive (mitotic) cells, the number of receptor-positive cells,
nd the number of double-labeled cells. Olfactory sensory neurons
re located within the sensory epithelium, which is restricted to
he central part of each olfactory lamella (Caprio and Raderman-
ittle, 1978; Ngai et al., 1993a). In the horizontal tissue sections
s of reproduction in any form reserved.
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121Odorant Receptor Gene Expression in the Catfishshown here, this corresponds to the medial ;1/3 to 1/2 extent of
each lamella. To quantitate the number of mitotic sensory neuron
precursors, each section was examined under epifluorescence illu-
mination together with dim transmitted light, so that both BrdU-
and receptor-specific in situ hybridization signals could be visual-
zed. Only those BrdU-positive cells located medial to any receptor-
ositive cells (i.e., clearly within the sensory epithelium proper)
ere scored. As the mitotic activity of nonneuronal cell precursors
s thought to be quite low in relation to that of neuronal precursors
Graziadei et al., 1978; Huard and Schwob, 1995), these BrdU-
ositive cells largely represent the mitotic precursor cells of
ensory neurons.
To exclude the possibility that alkaline phosphatase colorimet-
ic reaction products quench the FITC fluorescent signals and thus
nterfere with our ability to detect cells containing both labels, the
ollowing control experiments were carried out. Slides obtained
rom BrdU-injected fish were processed and incubated with anti-
rdU antibody as described above, washed in PBS, and then
ncubated with a mixture of FITC-conjugated goat-anti mouse F(ab)
2 mg/ml) and alkaline phosphatase-conjugated goat anti-mouse
(ab) (2 mg/ml) for 2 h at room temperature. The slides were washed
in TBS, equilibrated in alkaline phosphate buffer, and developed for
the colorimetric product as above. The slides were then examined
under bright-field microscopy and epifluorescence microscopy.
In Situ Hybridization with 33P-Labeled Probes
Fish were decapitated and the entire anterior portion of each
head was fixed for 2 h at 4°C in 4% paraformaldehyde dissolved in
0.1 M phosphate buffer (pH 7.4). Tissue was decalcified in 250 mM
EDTA and 50 mM phosphate buffer (pH 7.4) overnight at 4°C,
dehydrated, and embedded in paraffin. Serial 10-mm-thick horizon-
al sections through both olfactory rosettes were collected and
ubjected to in situ hybridization. In situ hybridization was carried
ut as described (Goulding et al., 1992; Wilkinson et al., 1987a,b).
lides were washed at high stringency, exposed to Kodak NTB-2
mulsion, and developed after 2 weeks.
RESULTS
Olfactory Bulbectomy Stimulates Degeneration of
Sensory Neurons and Mitotic Activity of Sensory
Neuron Precursor Cells
The effects of olfactory bulbectomy on the survival and
regeneration of sensory neurons in the catfish olfactory
epithelium were assessed. To determine whether this pro-
cedure indeed caused a reduction in the number of mature
sensory neurons, following bulbectomy tissue sections
from olfactory epithelium were collected and hybridized
with a DIG-labeled probe for the olfactory neuron-specific
cyclic nucleotide-gated (CNG) cation channel, which is
expressed in mature olfactory neurons (Goulding et al.,
1992), or stained with an antibody against the neuronal
marker N-CAM (Acheson et al., 1991). The staining density
of the CNG channel probe within the sensory epithelium
was greatly reduced 8 days following bulbectomy (Fig. 1B)
compared to control epithelium (Fig. 1A). Similarly, the
staining density observed with an anti-N-CAM antibody
was also reduced by bulbectomy (data not shown). To assess
Copyright © 2001 by Academic Press. All righthe effects of olfactory bulbectomy on mitotic activity in
he olfactory epithelium, mitotic cells were identified by
etabolic labeling with the thymidine analog, BrdU, at
efined time intervals following bulbectomy. Tissue sec-
ions were then subjected to anti-BrdU immunocytochem-
stry to identify BrdU-labeled cells. The density of BrdU-
ositive cells in the sensory epithelium started to increase
t 3 days postbulbectomy and was approximately five times
hat of the control side by 8 days (Figs. 2B and 2E). As
xpected from previous studies (e.g., Cancalon, 1982; Han-
en et al., 1999; Monti-Graziadei and Graziadei, 1979), this
emonstrated that our bulbectomy procedure indeed caused
egeneration of olfactory sensory neurons, which subse-
uently stimulated mitosis of precursor cells to regenerate
lfactory sensory neurons.
Mitotic Precursor Cells Do Not Express Odorant
Receptors
We next performed double-labeling experiments to deter-
mine whether odorant receptor genes are expressed in
mitotic precursor cells. Odorant receptor RNAs were de-
tected by RNA in situ hybridization with a mixture of six
odorant receptor probes, which together hybridize to about
10–20% of the olfactory sensory neurons (Ngai et al.,
1993b). Mitotic precursor cells metabolically labeled in
vivo with BrdU were detected by anti-BrdU immunohisto-
chemistry. Since there are moderate levels of mitotic activ-
ity within the olfactory epithelium in unoperated juvenile
catfish (most likely reflecting the rapid growth of the
epithelium at this stage of the organism’s life cycle), this
analysis was first carried out on control epithelium. In order
to obtain a larger population of mitotic cells directly related
to olfactory sensory neuron regeneration, the same analysis
was subsequently carried out on epithelium obtained 8 days
postbulbectomy. A representative tissue section of olfac-
tory rosettes of a control and a bulbectomized side from the
same fish are shown in Fig. 2. The dark blue deposits seen
under bright-field illumination are the alkaline phosphatase
colorimetric reaction products, which correspond to odor-
ant receptor RNA in the cytoplasm of the olfactory neurons
(Figs. 2A and 2D). Fluorescent signals correspond to nuclei
of BrdU-positive cells labeled with the anti-BrdU antibody
(Figs. 2B and 2E). The number of receptor-positive cells was
greatly reduced in the operated vs control epithelium (Figs.
2A and 2D). On the contrary, the number of BrdU-positive
cells was increased in the operated side (Figs. 2B and 2E). In
epithelium from either control or operated fish, cells were
double labeled only very rarely (Figs. 2C and 2F). Indeed,
quantitation of these results revealed that, under both
control and bulbectomized conditions, double-labeled
receptor-positive/BrdU-positive cells represent only ;0.1%
of BrdU-positive cells (Table 1).
Most, if not all, BrdU-positive cells within the sensory
epithelium should be progenitors for olfactory neurons,
since supporting cells have an extremely low turnover rate
and are unlikely to have much degeneration and regenera-
s of reproduction in any form reserved.
122 Fan and NgaiFIG. 1. Reduction in mature olfactory sensory neurons by olfactory bulbectomy. Unilateral bulbectomy reduces the level of expression
of CNG channel mRNA—a marker for olfactory neurons—in olfactory epithelium 8 days following olfactory bulbectomy. Representative
tissue sections of olfactory rosettes from control (A) and bulbectomized (B) sides were hybridized with an antisense probe specific for the
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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123Odorant Receptor Gene Expression in the Catfishtion activity in control or bulbectomized animals (e.g.,
Graziadei et al., 1978; Huard and Schwob, 1995). Our
observation that only ;0.1% of BrdU-positive cells express
receptor RNA indicates that few, if any, mitotic precursor
cells of sensory neurons express odorant receptors. This
conclusion should be tempered by the following consider-
ations. First, studies in rodents have shown that some
fraction of immature olfactory precursor cells undergoes
apoptotic cell death (e.g., Holcomb et al., 1995). If a signifi-
ant fraction of these cells die during or shortly after S
hase (our 2-h in vivo BrdU labeling was designed to bias
ur analysis to cells in this stage of the cell cycle), and
mmature precursors indeed express odorant receptors, then
nly a subset of the BrdU-labeled cells would have been
ouble-labeled with our receptor probes. However, it has
een shown in the mouse that only ;0.1–1% of olfactory
recursor cells in S phase die via the apoptotic pathway
Holcomb et al., 1995). Thus, the extremely low fraction of
pparently double-labeled cells that we observe in the fish
FIG. 3. Alkaline phosphatase immunohistochemistry does not qu
fish and stained with an unlabeled anti-BrdU mouse IgG. The pri
alkaline phosphatase-conjugated and fluorescein-conjugated anti-m
BCIP/NBT chromogenic reaction in resulting, dark deposits in brig
exposure is shown in C. Note the high degree of correspondence
nuclei. Bar, 50 mm.
catfish olfactory CNG channel. The probe was detected with al
chromogenic reaction resulting in dark purple deposits. Bar, 50 mm
FIG. 2. Simultaneous localization of mitotic cells and odorant re
cells were identified by BrdU labeling prior to sacrifice. Olfactory e
carried out with a mixture of six antisense odorant receptor probes
an alkaline phosphatase-coupled anti-DIG antibody (bright-field vie
sections with a fluorescein-labeled anti-BrdU antibody (fluorescence
shows that essentially no mitotic cells express odorant receptors in
shown in C and F were obtained from the same fish (C is the unoperat
Copyright © 2001 by Academic Press. All right;0.1%, compared to the 10–20% of mature olfactory
eurons labeled by our odorant receptor probes) makes it
nlikely that apoptosis could account for the entire differ-
nce. Second, it is possible that the observed low level of
eceptor/BrdU colocalization may represent a small per-
entage of mitotic precursor cells which express odorant
eceptor genes. A more likely explanation, however, is that
he apparent colocalization in such a small fraction of cells
eflects the limited resolution of the in situ hybridization/
nti-BrdU double-labeling technique. In each case in which
e scored a double-labeled cell, it was invariably contacted
y several other receptor-positive cells (data not shown).
ince the colorimetric product deposits in the cytoplasm
utline the rim of a cell, when a given cell was surrounded
y several other positive cells, with our resolution it was
ot possible to discern with certainty if this cell indeed
ontained the colorimetric product or if it was from imme-
iately adjacent cells. Moreover, it is likely that multiple
ayers of cells (or portions thereof) were contained within
FITC-labeled nuclei. Sections were obtained from BrdU-injected
antibody was then visualized simultaneously with a mixture of
e IgG secondary antibody. Alkaline phosphatase is detected with
ld (A); fluorescein is detected as green fluorescence (B); and double
een alkaline phosphatase-reactive nuclei and fluorescein-labeled
e phosphatase-coupled anti-DIG antibody and visualized with a
or gene expression in the olfactory epithelium. Mitotic precursor
elia were collected, fixed, and sectioned. In situ hybridization was
ed with DIG. Odorant receptor-expressing cells were detected with
and D). Mitotic precursor cells were identified in the same tissue
s, B and E). Double exposure of bright-field views and fluorescence
control (C) and bulbectomized epithelium (F). The tissue sectionsench
mary
ous
ht fie
betwkalin
.
cept
pith
label
ws, A
view
bothed contralateral control for F). m, medial raphae. Bar, 100 mm.
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124 Fan and Ngaithe 6-mm-thick tissue sections—the thinnest sections that
we could reliably prepare—used in this analysis. Thus,
some fortuitous overlap of BrdU-positive cells with
receptor-positive cells is to be expected (see Barth et al.,
1997).
We carried out a control experiment to rule out the
possibility that the colorimetric reaction product from
the in situ hybridization may quench the fluorescence
signal corresponding to BrdU localization and thus pre-
vent our ability to detect double-labeled cells. In brief,
following BrdU labeling in vivo and incubation of tissue
sections with the primary anti-BrdU mouse antibody,
two different labeled anti-mouse IgG secondary
antisera— one labeled with FITC and the other with
alkaline phosphatase—were used simultaneously to lo-
calize the BrdU signal (see Methods). If the insoluble
alkaline phosphatase reaction product indeed quenches
the fluorescent signal, we would expect to detect fewer
numbers of fluorescently labeled nuclei than alkaline
phosphatase-labeled nuclei. However, we find that with a
development time for alkaline phosphatase reaction com-
parable to that used in the in situ hybridization/anti-
BrdU double-labeling experiments, more than 95% of
cells are labeled with both reporters (Fig. 3). It should be
noted that this control experiment in fact is more strin-
gent than the RNA/BrdU colocalization experiments, in
that the two labelings are competing for the same sites (as
opposed to BrdU-labeled DNA in the nucleus vs mRNA
in the cytoplasm), and yet we had no difficulty in
detecting double-labeled cells. Thus, we are confident
that under our experimental conditions, quenching of
the BrdU-specific fluorescent signals did not occur to
the extent that it would interfere with our ability to de-
tect mitotic cells expressing specific odorant receptor
TABLE 1
Quantitation of Odorant Receptor/BrdU Double-Positive Cells
in the Catfish Olfactory Epithelium
BrdU
positive
Receptor
positive
Double positive
(% BrdU positive)
Control 26,357 18,523 37 (0.14%)
Bulbectomized 11,455 1,804 8 (0.07%)
Note. Mitotic cells were labeled in vivo with BrdU, and tissue
ections from olfactory epithelia were subjected to double labeling
or odorant receptor expression (by in situ hybridizations with a
ixture of six odorant receptor probes) and mitotic activity (by
nti-BrdU immunohistochemistry). The numbers of BrdU-positive,
eceptor-positive, and BrdU/receptor double-positive cells were
ounted from the sensory epithelium of control or 8-day postbul-
ectomy preparations. More sections from control epithelium were
cored than from bulbectomized epithelium, which accounts for
he larger number of BrdU-positive cells tabulated for the control
ondition.mRNAs.
Copyright © 2001 by Academic Press. All rightOdorant Receptor Gene Expression Is Activated in
Regenerating Sensory Neurons in the Absence of
the Olfactory Bulb
We asked whether odorant receptor gene expression
could occur in the absence of the olfactory bulb during
olfactory sensory neuron regeneration. Catfish were sac-
rificed at various times after unilateral bulbectomy.
Serial sections of catfish heads encompassing the entire
olfactory rosette from both the operated and the unoper-
ated sides were collected and hybridized with a probe
corresponding to odorant receptor 47 (Ngai et al.,
1993a,b). The number of receptor-positive cells from each
entire rosette was scored in the control side and the
operated side of the same fish, and the ratios of positive
neurons found on the operated vs control rosettes were
plotted as a function of postoperative days (Fig. 4). As
shown in this figure, the number of receptor-positive
cells decreased to 27% of control 3 days following bul-
bectomy and decreased further to 10 –20% at 8 days. This
decline reflects the initial degeneration triggered by ol-
factory bulbectomy. Subsequently, the number of cells
expressing receptor 47 started to increase and by 41 days
recovered to 84% of control levels. No obvious pattern of
receptor gene expression restricted to subdomains of the
olfactory epithelium was observed during bulbectomy-
induced regeneration (data not shown), in accord with
previous studies which indicate that cells expressing
individual odorant receptor genes are distributed
throughout the catfish olfactory epithelium (Ngai et al.,
1993a,b).
At face value, these results would imply that the olfac-
tory bulb is not required either to induce or to maintain the
expression of odorant receptors in sensory neurons. Each of
the olfactory nerves projects only ipsilaterally to one of the
paired olfactory bulbs, and the epithelia and nerves, as well
as the bulbs themselves, are physically separated by encap-
sulating bony structures. However, it remained possible
that the ingrowing sensory axons received some sort of
supporting or trophic cue by crossing over to the contralat-
eral bulb. To rule out this possibility, we examined histo-
logically stained horizontal sections of catfish heads. No
olfactory axons from the bulbectomized side projected
across the septum toward the contralateral bulb (data not
shown), indicating that olfactory neurons on the bulbecto-
mized side did not receive any contact-mediated cues from
the bulb to induce or support odorant receptor gene expres-
sion. Thus, a target-independent mechanism within the
olfactory epithelium must operate to trigger and maintain
receptor expression in regenerating olfactory sensory neu-
rons. It should be noted, however, that whereas our results
show that odorant receptor gene expression occurs in the
absence of the olfactory bulb, other aspects of olfactory
neuron maturation, as well as long-term survival, may be
critically dependent on the cues from this structure (Chuah
et al., 1985; Schwob et al., 1992).
s of reproduction in any form reserved.
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125Odorant Receptor Gene Expression in the CatfishDISCUSSION
A remarkable feature of the vertebrate olfactory system is
that olfactory neurons appear to express just one odorant
receptor gene at the exclusion of 100–1000 other possible
receptor genes (Barth et al., 1997; Malnic et al., 1999; Ngai
et al., 1993a; Ressler et al., 1993). As the odorant receptor
tself is the primary determinant of these cells’ receptive
eld properties, the receptor selection process ultimately
nderlies the functional specificity of olfactory sensory
eurons. The question therefore arises as to how olfactory
eurons (or their precursors) select which receptor gene to
xpress. A number of models can be invoked to explain the
pecification of olfactory neuron cell fate.
In one scenario, odorant receptor expression is activated
arly in the differentiation pathway in mitotic precursor
ells. This would imply that the mitotic progenitors—
ither the stem cells themselves or their descendents, the
mmediate neuronal precursor cells (which arise from the
symmetric division of the basal stem cells; Calof and
hikaraishi, 1989)—are committed to express a specific
dorant receptor gene. However, in this study we have
ound that mitotic cells do not express odorant receptor
enes. This result argues against a model in which olfactory
ensory neurons derived from common mitotic precursors
nherit a defined pattern of receptor expression. However,
e cannot rule out the possibility that specification occurs
arly in these precursors before the activation of odorant
eceptor gene expression. Nonetheless, if we assume that
FIG. 4. Effects of olfactory bulbectomy on the number of odo
unilaterally and sacrificed at different postoperative days. Tissue se
specific for odorant receptor 47, and the number of receptor 47-posi
determined by dividing the total number of cells positive for recept
of receptor 47-positive cells on the contralateral control (unoperated
[n 5 3 for “0 day” (unoperated control), n 5 3 for 3 days, n 5 3 for 8
error of the mean (bars).he expression of odorant genes occurs concomitant with s
Copyright © 2001 by Academic Press. All rightheir selection, then our data would support the hypothesis
hat the descendants from individual olfactory neuron stem
ells are not committed or specified to express a particular
dorant receptor gene. A direct test of this model awaits a
ineage tracing study to determine whether sensory neurons
erived from a common stem cell express the same or
ifferent receptor genes (e.g., see Caggiano et al., 1994;
chwob et al., 1994).
In a second model for olfactory neuron specification (with
hich our data are consistent), early neuronal progenitors
re uncommitted, with receptor choice being made during
he final stages of the differentiation pathway. In a variation
f this model, cells not yet expressing an odorant receptor
roject to individual glomeruli in the olfactory bulb. De-
ending on which glomerulus is innervated, this contact
ould then retrogradely trigger the expression of a specific
dorant receptor gene from the repertoire (e.g., see Ngai et
l., 1993a; Sullivan et al., 1995). Our results clearly indicate
hat receptor expression is activated only in postmitotic
lfactory neurons or their immediate neuronal precursors.
his leaves open the possibility that these cells’ synaptic
argets in the olfactory bulb may play a role in the specifi-
ation process. However, several lines of evidence argue
gainst the retrograde specification of odorant receptor gene
xpression by the olfactory bulb. First, odorant receptor
ene expression appears to be unaffected during embryogen-
sis in mice harboring a mutation which results in the
orphological absence of olfactory bulbs (Sullivan et al.,
995). Second, studies on the regenerating rat olfactory
receptor-expressing olfactory neurons. Fish were bulbectomized
s of entire olfactory rosettes were probed with an antisense probe
cells was counted for each rosette. For each time point, a ratio was
in olfactory epithelium on the bulbectomized side by the number
e. Each point represents the mean ratio of multiple determinations
, n 5 2 for 28 days, n 5 2 for 41 days, n 5 3 for 50 days] 6 standardrant
ction
tive
or 47
) sid
daysystem have shown that odorant receptor expression can
s of reproduction in any form reserved.
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126 Fan and Ngaioccur following olfactory bulbectomy (Konzelmann et al.,
1998). Similarly, our results using the catfish as a model
system demonstrate that the olfactory bulb is not required
to induce or maintain odorant receptor expression during
olfactory sensory neuron regeneration. A caveat, however,
is that none of these studies investigated the possibility
that the pattern of receptor expression changes once the
axons reach their glomerular targets. Thus, immature ol-
factory neurons may express a number of odorant receptor
genes, with subsequent contact in the olfactory bulb induc-
ing a specific alteration in gene expression, such that the
number of receptor genes expressed is reduced to 1. While
we view this as a formal possibility, it should be noted that,
consistent with this “receptor culling” notion, the odorant
response properties of embryonic olfactory neurons have
been found to be initially quite broad, with a restriction
occurring as development proceeds (Gesteland et al., 1982).
Arguing against this possibility, however, is the observation
that olfactory sensory neurons expressing the same odorant
receptor do not project to multiple glomeruli during em-
bryogenesis (Royal and Key, 1999), which would be ex-
pected if these cells expressed a multiplicity of receptors.
In summary, we have determined the timing of odorant
receptor expression during olfactory regeneration. Odorant
receptor mRNAs are detected only in postmitotic cells,
which limits the onset of receptor gene expression to the
late stages of olfactory neurogenesis. These data are consis-
tent with a model in which lineages derived from individual
olfactory stem cells are not committed to express specific
odorant receptor genes. Receptor choice would therefore be
made later, through a cell-autonomous, perhaps stochastic
mechanism. Our previous studies in the zebrafish have
shown that the onset of activation of different odorant
receptor genes occurs at different stages of development
(Barth et al., 1996, 1997). In mammals as well as zebrafish,
cells expressing a given receptor are restricted to one of
several zones in the olfactory epithelium (Ressler et al.,
1993; Strotmann et al., 1992; Vassar et al., 1993; Weth et
l., 1996). Thus, odorant receptor gene expression is both
emporally as well as spatially regulated and therefore
annot be a truly stochastic process.
Might local or target-derived cues play a role in olfactory
euron specification? Although the distribution of olfactory
eurons in the zebrafish epithelium has been construed to
eflect a lateral inhibition process (Baier et al., 1994), it
emains to be determined whether the expression of an
dorant receptor gene by one neuron inhibits the expression
f that gene by neighboring cells. Results from studies
xamining the expression of odorant receptor in the absence
f the olfactory bulb during embryogenesis (Sullivan et al.,
995) as well as during regeneration (Konzelmann et al.,
998; this study) indicate that the olfactory bulb is not
equired for odorant receptor gene expression. Together
hese findings suggest that the determination of olfactory
euron cell fate during embryogenesis and regeneration
uring adult life may share common mechanistic prin-
iples.
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